This study explores a situation of staged accession to a global climate policy regime from the current situation of regionally fragmented and moderate climate action. The analysis is based on scenarios in which a front runner coalition -the EU or the EU and China -embarks on immediate ambitious climate action while the rest of the world makes a transition to a global climate regime between 2030 and 2050. We assume that the ensuing regime involves strong mitigation efforts but does not require late joiners to compensate for their initially higher emissions. Thus, climate targets are relaxed, and although staged accession can achieve significant reductions of global warming, the resulting climate outcome is unlikely to be consistent with the goal of limiting global warming to 2 degrees. The addition of China to the front runner coalition can reduce pre-2050 excess emissions by 20-30%, increasing the likelihood of staying below 2 degrees. Not accounting for potential co-benefits, the cost of front runner action is found to be lower for the EU than for China. Regions that delay their accession to the climate regime face a trade-off between reduced short term costs and higher transitional requirements due to larger carbon lock-ins and more rapidly increasing carbon prices during the accession period.
Introduction
Climate change is one of the great global policy challenges of our time. It is increasingly recognized that unabated climate change can lead to large impacts on human societies [1, 2] . At the same time, slow progress in international climate negotiations has given rise to skepticism about the prospect of global cooperative action on climate change. Given the scope of the coordination challenge, emphasis has shifted from global cooperative action to regional climate action and to the integration of other priorities such as energy security and development policies. Yet, the quest for a more comprehensive international climate treaty with binding targets continues. After a failure at the Copenhagen climate conference in 2009, negotiators agreed on a new attempt to adopt a global treaty to come into effect by 2020 [3] . Whether the so-called Durban platform for enhanced action will fare any better than the previous attempt is highly uncertain. Yet, targeting greenhouse gas emissions globally has clear advantages. From an economic point of view, it is most efficient to exploit the cheapest abatement option in the sector and region at the margin. It is total global emissions which matter with respect to limiting atmospheric greenhouse gas (GHG) concentrations and global mean temperature.
Even though the advantages of global cooperation are evident, the world may be locked into moderate and fragmented climate action due to the institutional, ethical and political challenges posed by the need for international coordination, transfers and incentives. Recent studies have shown that an extrapolation of the current national pledges over the 21st century is likely to lead to warming of more than 3 degrees by the end of the century and further warming thereafter [4, 5] . In light of this, the present paper aims at investigating how effective a group of countries might be in leading the way with stringent mitigation action even if the rest of the world joins the effort only decades later. There is literature in support of the idea that in situations of cooperation problems involving a public good, a leader setting a good example can play a role [6, 7] . Such unilateral climate action might both reduce uncertainty about the mitigation costs and, at the same time, build credibility, which is an important element in international coordination problems [8] [9] [10] . In addition, it might also address concerns related to historical responsibility, frequently raised at the negotiation tables by developing countries [11] .
This paper presents a multi-model exploration of staged accession scenarios to a global climate regime conducted within the AMPERE project. It focuses on the EU as a candidate for pioneering stringent climate action. The EU has adopted a 20% emission reduction target for 2020 relative to 1990 as part of its climate and energy package [12] and has agreed to commit to the 20% target in the second commitment period of the Kyoto protocol. It has established the worlds' largest emissions trading system and has implemented a number of additional climate policies at the national level. The EU has also discussed the unilateral strengthening of its reduction target to 30% by 2020, and established a "Roadmap for moving to a competitive low carbon economy for 2050" (short: EU Roadmap) that envisions 80% emission reduction by 2050 [13] .
The main research question is concerned with the stakes of adopting the EU Roadmap without an international climate agreement in place. The study considers two opposite possible outcomes: either the rest of the world makes a transition to an ambitious global climate regime in the period 2030-2050 (Success), or the EU has to return to a more moderate climate policy reference case after 2030 if it becomes clear that the rest of the world does not increase its level of ambition (Reconsideration). In particular, we investigate the following questions: a) In the case of successful staged accession, what are the climate outcome and the mitigation costs relative to both the reference case and the ideal case of immediate global cooperation? b) In both cases (success and reconsideration), how does the asymmetry between mitigation efforts by the front runners and other regions impact regional emissions and costs due to carbon leakage, technology spillover and carbon lock-ins?
The study also explores the case of a front runner coalition with two major players leading the way. A coalition between the EU and China was chosen for several reasons. First, China may face notable climate change impacts, e.g. in the area of freshwater resources that are already strained in some regions [14] . It thus has a strong incentive to mitigate climate change. Second, China is suffering from a major air pollution problem and thus can expect to reap significant co-benefits from the reduction of fossil fuel use, particularly coal [15, 16] . Third, China is the world's largest emitter, and the stringency of its climate action will have a strong impact on global emissions and the global energy sector. This gives it high visibility in international climate negotiations. Fourth, China has been very active in enacting a number of domestic climate and energy policies and is expected to adopt more in the future [17, 18] . Although the case of an EU-China coalition does not reflect the current status of international climate negotiations, a bilateral dialog on climate policy issues has progressed [19] . Finally, the investigation of an EU-China climate coalition permits us to study how the impacts of advanced mitigation efforts differ between two regions with substantially different economic profiles.
The study builds on a comparison of results from 11 energy-economy and integrated assessment models (IAMs). Such models have been extensively used to explore mitigation pathways which meet long-term climate targets (e.g. [20, 21] ). Previous energy-economy and IAM intercomparison exercises have investigated idealized policy settings such as global carbon tax scenarios [22] and immediate cooperative action to reach stabilization targets in the range between 450 and 650 ppm CO 2 e [23, 24, 25] . Previous exercises have also reviewed limited policy situations with constrained technology availability [24, 26] and delayed and fragmented action [4, 23, 27, 28] . [23] investigated a staged accession scenario with two groups of countries joining the industrialized countries over the period . The analysis highlighted the difficulty to reach stringent stabilization targets in such a setting. [28] focused on delay until 2020 and identified benefits for early movers if the long term target is maintained.
This study considers two different long-term climate targets (450 3 and 550 ppm CO 2 e) as guiding principles for long term climate action. Contrary to the previous comparison studies on staged accession [23, 28] , we do not assume that the climate targets and their associated greenhouse gas 3 It has been shown that the lower target of 450 ppm CO 2 e has a large probability of keeping global mean warming below 2°C since preindustrial times [29] . The 2 degree target was recognized by the international climate negotiations as consistent with the goal to avoid dangerous anthropogenic interference with the climate system [30] .
emissions budgets for the 21st century are necessarily met even if most world regions join the climate regime at a later point in time. Whereas the early movers contribute their part to meeting the climate target, the acceding regions harmonize their carbon prices with those of the early movers only after considerable delay. This delay results in excess emissions compared to immediate global cooperation and thus is associated with a relaxation of the long-term climate target depending on the extent of this initial excess. The assumption of target relaxation due to delay and the inclusion of reconsideration scenarios constitute a new contribution to the literature. The scenario setup also allows us to study the countering impact of greenhouse gas leakage during an initial period of fragmented action in a dynamic and long-term setting, thus adding to the literature on short-term leakage effects until 2020 [31] . In summary, the study responds to the need for a deeper exploration of the current climate policy situations in long-term mitigation scenarios addressing the question of how to bridge the gap between short-term commitments and long-term aspiration in international climate policy negotiations.
This overview article is accompanied by a series of papers exploring various perspectives of the staged accession scenarios in greater depth. [32] provides an in-depth look into the energy sector implications and co-benefits of EU front runner action. [33] explores the leakage effects on global fossil energy markets, while [34] reviews the role of technology diffusion in the electricity sector. [35] investigates the climate response in greater detail. Individual model analyses explore the effect of coalition size on leakage dynamics [36] and add further perspective on leakage effects via the industry channel [37] and the land use sector [38] . This paper is structured in seven sections. The following section introduces the scenario design and the participating models. Section 3 explores the effect of near term climate policy fragmentation and technology targets on carbon prices. This is followed by a discussion of global mitigation stringency and economic costs in staged accession scenarios. Section 5 provides a regional perspective and focuses on the trade-offs faced by front runner and latecomer regions. Section 6 investigates the role of carbon leakage and technology diffusion in the near term, summarizing a set of results from the companion papers. Section 7 concludes.
Methods
The findings of this study are based on a set of coordinated scenario runs from 11 global energy-economy and integrated assessment models. It is one in a series of global model intercomparison studies conducted within the AMPERE project. The series also includes a diagnostic exercise [39] and a Table 1 Participating models in the study. Coverage of low carbon energy supply options is based on a count of low carbon energy conversion routes presented in [39] . The classification of models into general (GE) and partial equilibrium (PE) models with low, medium and high response to carbon pricing was also developed in [39] . study on the consequences of weaker short term action for meeting long term stabilization targets [40] .
Model

Participating models
The participating energy-economy models and IAMs originate from Europe, the United States, and Japan and are listed in Table 1 . All models have global coverage with varying disaggregation of world regions. The set of models can be broadly grouped into four different categories spanned by partial (PE) or general equilibrium (GE) models, and dynamic recursive (myopic) or intertemporal optimization (foresight) models. However, models also differ in numerous other ways. The technological detail in the energy sector, the substitutability of energy carriers and the representation of greenhouse gases are other key factors influencing model results. GDP and population assumptions were harmonized across models to facilitate the analysis of model differences (see Section S3.4 in the supplementary online material (SOM) for further details). The analysis of model differences is also aided by a set of diagnostic indicators for model behavior that were developed by [39] .
The differences in model structure and assumptions reflect different choices of modelers on how to best approach the analysis by mitigation pathways. We want to point out that this diversity in model structure and assumptions is not a drawback, but a feature of model comparisons, since it allows us to explore the associated range of uncertainties. However, it is important to recognize that the breadth of assumptions made by this set of models does not necessarily cover the entire range of possibilities.
The differences in the disaggregation of world regions pose a challenge for the comparison of results across models. Following existing practice in previous studies, results are compared on a set of harmonized regions to which the closest (set of) native model region(s) is mapped for each model. Thus it is important to keep in mind that regional results from different models can refer to somewhat different regional definitions (see Section S2.2 in the SOM for further details). Most relevant for this study are deviations for the EU, China and Rest Of the World (= world without EU and China) regions. Notably, the EU region of GCAM, IMACLIM and MESSAGE includes Turkey, and the China region of MESSAGE and MERGE-ETL includes formerly centrally planned Southeast Asian economies. Thus, regional EU, China, and ROW results from these models allow for only a limited comparison with results from the other models.
Scenario design
The analysis is based on a set of scenarios that are characterized by different climate action for front runner regions -the EU alone or the EU and China jointly -and the rest of the world. The front runners adopt ambitious climate policies as early as 2015 (depending on the first model time step following 2010) while the other regions continue to follow a reference policy characterized by moderate and fragmented action. The front runner scenarios hit a crossroads in 2030 where it is decided whether or not their action was effective in inducing the rest of the world to transition to a global climate policy regime by 2050. Thus, we can group these scenarios into two sets -staged accession and reconsideration (of stringent climate action) scenarios. The full scenario setup is summarized in Table 2 . In the following, we will briefly discuss the individual scenario classes. Further information on the scenario design is given in Section S3 of the SOM.
No-policy baseline scenario
The no-policy baseline scenario (Base) represents a counterfactual case in which no future policies dedicated to climate change mitigation are pursued. Energy policies like fossil fuel taxes and subsidies that are not related to climate policy may still apply depending on individual model assumptions.
Reference policy scenario
The reference policy (RefPol) scenario tries to capture main elements of the current climate policy landscape by including emission reduction commitments and renewable or nuclear energy technology targets at the level of 25 world regions and major emitting countries. The emission targets are mostly based on the unconditional Copenhagen pledges of countries. Beyond the 2020 time horizon, regions are assumed to continue with emission reductions that sustain their average emissions intensity improvements at a rate that it is roughly consistent with their pre-2020 action or slightly strengthened for regions without emission targets until 2020. The technology targets include renewable energy portfolio standards and capacity targets for renewable and nuclear energy that are implemented through minimum capacity and share constraints, or direct technology policies. As an exception, the IMACLIM model adjusted regional carbon prices to achieve the technology targets. All other policy and input assumptions were unchanged between the no policy baseline and the RefPol scenario with the exception of the IMACLIM model. IMACLIM accompanied carbon pricing with policy measures aimed at controlling the long-term dynamics of transport-related emissions in all climate policy scenarios [52] , and measures to make labor markets more flexible [53] . A detailed definition of the reference policy scenario is given in Section S3.1 of the SOM.
Climate policy benchmark scenarios
The benchmark immediate action scenarios aim to reach atmospheric GHG concentrations at levels of 450 ppm (Scenarios 450, CF450) and 550 ppm CO 2 e (Scenarios 550, CF550) by the end of the century. Global cooperation toward these goals starts immediately. Scenarios 450 and 550 include the technology targets of the reference policy scenario while the counterfactual scenarios CF450 and CF550 do not. To harmonize targets between models capturing different baskets of radiative agents and to remove uncertainties in translating forcing levels into cumulative GHG emissions, models were provided with a cumulative CO 2 budget for the 21st century as a long-term target (1500 GtCO 2 and 2400 GtCO 2 for the period 2000-2100 and the 450 and 550 ppm CO 2 e targets, respectively). Further details can be found in Section S3.2 of the SOM.
Staged accession scenarios
In this scenario set, the EU (or China and the EU, short: CE) as front runner successfully motivates the other regions to join an ambitious climate regime in 2030. As a single front runner, the EU adopts the climate roadmap immediately, while the others follow their reference policy (scenarios 450P-EU/ 550P-EU) or -as a sensitivity case -no climate policy at all (scenario CF450P-EU) until 2030. The EU climate roadmap is specified in terms of −25%, −40% and −80% GHG emission reductions targets in 2020, 2030 and 2050, respectively, relative to 1990 (approx. −20%, −35%, and −75% relative to 2005). After 2030, the carbon price converges in all regions, including the EU, from the 2030 levels to the 450 ppm (450P-EU/CF450P-EU) or 550 ppm (550P-EU) carbon price in 2050. The 450 ppm and 550 ppm carbon prices are adopted from the benchmark 450 and 550 scenarios. Prior to the global carbon price convergence, the rest of he world implements the reference policy carbon pricing (deduced from the RefPol scenario) to allow for GHG leakage effects in the period of fragmented action until 2050. In the case of an EU and China front runner coalition (450P-CE), both adopt the 450 ppm carbon price immediately and continue on this trajectory over the 21st century.
Reconsideration scenarios
In this set of scenarios, the front runners are unable to motivate other regions to transition to a more ambitious global climate regime, and as a result reconsider their own stringent mitigation action. Concretely, they transition back to the reference policy over the period 2030 to 2050, while the others follow the reference policy throughout the 21st century (RefP-EUback/CEback). In a sensitivity case, others adopt no climate policy at all and the EU phases out its climate action during 2030 to 2050 (Base-EUback).
2.2.6. Implementation of scenario design 8 of 13 scenarios were mandatory to run for all models (RefPol, Base, 450, 550, CF450, CF550, 450P-EU, RefP-EUback). The remaining five staged accession and reconsideration scenarios were optional sensitivity cases. The implementation of scenarios by participating models is documented in Section S3.5 of the SOM. 
Derivation of climate outcomes
The GHG concentration, radiative forcing and temperature trajectories that result from the emissions scenarios in this study have been calculated with the atmospheric chemistry-climate model MAGICC [54] . Usually, model comparisons use the reported forcing and climate information from participating modeling teams. The approach used here has the advantage of providing a unified treatment of carbon cycle and climate system uncertainty -as it has been shown that these factors differ greatly across models [55] -and offers the possibility to generate climate information for model scenarios that do not provide it endogenously. MAGICC generates probabilistic climate projections based on a multi-variate probability distribution for atmospheric chemistry and climate system parameters [56] . The implementation of the approach in the AMPERE context is described in [35] .
Fragmented moderate mitigation action
Several regions in the world have adopted some type of climate policy by now and/or pledged to reduce their emissions by 2020. In addition, targets to support the deployment of clean energy have been implemented in a number of countries. Ambitious climate action should therefore be measured not only against a counterfactual baseline without climate policy (Base scenario) but also compared with a reference case of regionally fragmented action at the current level of ambition. The RefPol scenario tries to capture such a reference development based on existing or planned policies. It aims to conceptualize a situation of a continued stalemate in international climate negotiations where countries continue with their currently pursued or slightly strengthened rates of emissions intensity improvement throughout the 21st century.
As a robust result across models, we find that counterfactual baseline emissions continue to rise over the 21st century, while emissions in the reference policy case peak around 2050 and return to roughly present-day emissions levels by 2100. This leads to a radiative forcing in the range of 5.5-6.5 W/m 2 in 2100 and rising thereafter. While lower than the counterfactual no-policy baseline, this is still inconsistent with the goal of long-term climate stabilization (see also [4, 5] ). In the near term, significant reductions in emissions are observed in the RefPol scenario compared to the Base scenario as a result of both technology policies and emission targets. Renewablebased electricity generation in the RefPol scenario is seen to increase by 10%-50% across all models compared to the counterfactual scenario in the 2010-2030 period. Despite the limited time horizon of technology-related policies, in many models renewable-based electricity generation is still higher in RefPol compared to Base in the 2030-2100 period, thus contributing to lowering of emissions in the long term. The technology targets are also seen to have an impact on the 450 and 550 climate mitigation scenarios. In the 2020-2050 period, the scale of zero carbon energy is larger in these scenarios than in the corresponding policy cases where no specific technology targets are imposed (CF450 and CF550). However, it is important to note that the differences across the sets of scenarios are much more limited in the longer term, thus indicating the dominant impact of strong carbon pricing signals through the climate target. This is also reflected in the corresponding investments in electricity supply, which in the 450 and 550 climate scenarios compared to the CF mitigation cases are found to be higher in the 2005-2050 period but lower in the second half of the century. These findings are consistent with a number of studies [57, 58] that technology policies could have an important role with regards to development and uptake of zero-carbon technologies in the shorter term but that in the longer term, strong carbon pricing mechanisms will be necessary to ensure efficient reductions in GHG emissions. Fig. 1 compares the level of carbon prices in the year 2030 in the reference policy case across regions. We recall that carbon prices are imposed in addition to the technology targets for the year 2020. Large variations in carbon price projections exist between models. These variations persist even if carbon prices are normalized to corresponding prices in the 450 ppm CO 2 e benchmark scenario. The large model differences are due to several reasons. First, carbon prices in the 2020 to 2030 time period reflect the stringency of short term emission reductions that are required in addition to the impact of increased clean energy deployment. Both sets of policies interact in that carbon prices increase the demand for clean energy and in that technology targets may reduce emissions. The extent to which carbon prices are affected by the technology targets depends on model structures and the availability of mitigation options. Second, carbon prices are also impacted by the diversity of baseline assumptions across models, as in regions where emission targets are defined relative to 1990 or 2005 emissions levels, higher baseline emissions require more mitigation effort. Third, different regional definitions associated with the harmonized study regions may also play a role.
While in regions like China, Russia and -with the exception of one model -India, RefPol emission targets are not found to be particularly binding (after including the impact of technology targets), in other regions like the EU, Latin America and USA, stringent targets imply high carbon prices and are found in some models to result in carbon prices that exceed those of the 550 or even 450 scenario in the 2010-2030 period. Thus in some models, the short-term emission targets in these regions exert more pressure than the long-term global climate targets with their temporal flexibility.
The global perspective: mitigation stringency and costs of staged accession to a global climate policy regime
This section describes the global outcomes of the staged accession scenarios in which the EU or the EU and China act as front runners to induce the rest of the world to eventually join climate policy efforts exceeding the reference policy. We compare these outcomes with global outcomes of baseline, reference policy and immediate action cases. What global costs and what benefits in terms of avoided climate change emerge in the staged accession scenarios? And what are the consequences of inability to persuade others to follow?
Emission outcomes
As shown in Table 3 , the mitigation stringency differs markedly between staged accession scenarios and the reference policy scenario. By 2100, the reference policy results in substantially higher cumulative emissions than the staged accession and immediate action scenarios -particularly with regards to long-lived CO 2 emissions. The gap is already significant for the period 2010-2050 and widens thereafter. By contrast, the difference in cumulative emissions between the 450 and 550 ppm CO 2 e cases is much smaller.
Staged accession will lead to larger cumulative emissions than the immediate action benchmark case because it assumes the global adoption of the identical carbon price by 2050 rather than today. As shown in Table 3 , this delay leads to 225-450 Gt higher fossil fuel and industry CO 2 emissions over the 21st century. The size of the front runner coalition (450P-EU vs 450P-CE) or the initial level of climate policy in the rest of the world (450P-EU vs. CF450P-EU) has a smaller impact on cumulative emissions when aggregated over the entire century, although clear differences are visible until 2050. Table 3 also shows that while staged accession to 450 ppm carbon pricing fails to deliver the full emission reductions that would emerge in the 450 immediate action case, it still reduces emissions more than in the 550 ppm CO 2 e benchmark scenario.
If the front runner region cannot motivate others to adopt more ambitious climate action (reconsideration scenarios), the emission outcome is mostly determined by the reference climate policy that is implemented in the rest of the world and to which the front runner reverts after 2030. Over the 21st century, the additional mitigation effort until 2030 in the front runner region does not have a significant impact on cumulative emissions relative to the reference case. Thus, in the case of a failed attempt to achieve stringent global climate action the climate benefit from initially more ambitious action by some countries is negligible.
Reductions in global warming
The climate outcome of the different scenarios scales with the 21st century greenhouse gas emissions budgets. Across the ensemble of model scenarios, global mean warming by b) a) ) shows relative prices as a fraction of the carbon price in the 450 ppm CO 2 e immediate action case. The panel includes only those models that implemented explicit technology policies in addition to carbon pricing. For some regions, GCAM calculates carbon prices that are 2.6 (EU), 1.5 (USA), and 2.3 (LAM) times higher than in the 450 ppm scenario. 2100 relative to preindustrial ranges from values of 4.1-5.3°C in the baseline to 3.2-3.8°C in the reference policy to 2.1-2.7°C and 1.7-2.2°C in the 550 ppm and 450 ppm CO 2 e scenarios, respectively. For the 550 and 450 ppm CO 2 e scenarios, this range of warming by 2100 is generally lower than the maximum values over the 21st century shown in Table 3 . As shown in Fig. 2 (Panel a) , the extent of the peak and decline behavior of temperature is model-dependent. The GCAM model shows the largest overshoot because even in the immediate action cases, it mitigates little in the near term due to the large-scale deployment of bio-CCS in the longer term [61] . Year 2100 median warming is at or below 2 degrees in the 450 ppm CO 2 e case for all models except GCAM. Due to the inertia in the climate system, the degree of overshoot is significantly larger in radiative forcing than in temperature (Fig. S1 SOM) . In addition, the overshoot in the 450 ppm CO 2 e cases is much more pronounced than in the 550 ppm CO 2 e cases owing to a stronger reduction of GHG emissions in the 2nd half of the century, including the more extensive use of negative emissions technologies.
Due to the scenario design, which defines the long-term targets in terms of cumulative CO 2 emissions, the realized long-term forcing under a given target can differ between the models. It depends on concurrent reductions of non-CO 2 gases, the assumed development of aerosol emissions (in particular sulfur) and the degree of overshoot. As can be seen from Fig. S1 , there is considerable spread between forcing outcomes, but they all are above the nominal 450 ppm CO 2 e (= 2.6 W/m2) target level to different degrees. 4 This translates to temperature outcomes, with three models (GCAM, MESSAGE, and REMIND) showing a less than likely chance to stay below the 2°C target. Compared to the 450 ppm immediate action case, staged accession leads to higher temperature outcomes in the range of 0.2-0.4°C (450P-EU; Fig. 2, Panel b) . The difference is decreased by 0.05-0.15°C if the front runner coalition is large enough to cover a significant share of global emissions in the early period (the case of EU + China; 450P-CE). By contrast, models disagree on whether or not the fact of moderate climate action in the rest of the world makes a difference (CF450P-EU vs. 450P-EU). The MERGE-ETL model projects a significant benefit from such moderate action because it finds a large amount of carbon leakage to the rest of the world in the absence of such action (cf. Fig. 8) . Thus, the importance of moderate action in the rest of the world hinges on whether or not it is needed to prevent significant carbon leakage in the initial period of fragmented action.
Despite those variations, temperature outcomes for staged accession to a 450 ppm carbon pricing regime remain 4 As explained in the methodology section, the climate outcomes of the scenarios were calculated with the climate model MAGICC6.6. MAGGIC6.6 shows a slightly higher emissions-to-forcing response than most of the original climate modules of the participating models. Forcing from MAGICC6.6 is thus, on average, slightly above the indigenous forcings that were calculated by the participating models. Table 3 Global GHG emissions, atmospheric concentrations, and temperature outcomes in the baseline, reference policy, immediate action and staged accession scenarios. The emissions and climate outcomes of the reconsideration scenarios RefP-EUback, RefP-CEback and Base-EUback are very close to the reference policy (with the exception of emissions until 2050) and are not listed separately. Numbers correspond to the median and the full range across the scenarios (in parentheses). Temperature values in square brackets include the full climate system uncertainty (2σ range) around a mean climate sensitivity of 3°C as derived from MAGICC for each emissions scenario. All models reported the Baseline, RefPol, 550, 450 scenarios, and all but IMACLIM the 450P-EU scenario. Model samples for the optional additional staged accession scenarios are smaller: 450P-CE (GCAM, GEM-E3, IMACLIM, IMAGE, MERGE-ETL, POLES, REMIND, and WITCH), CF450P-EU (GCAM, MERGE-ETL, POLES, REMIND, and WITCH) and 550P-EU (IMACLIM, MERGE-ETL, POLES, REMIND, and WITCH). Note that for the climate simulations, emissions were harmonized to the same base year using inventories from [59, 60] .
Scenario
Cumulative below the 550 ppm immediate action scenario. In addition, temperature is declining by the end of the century so that ambitious long-term targets may still be realized in the 22nd century. However, the degree of overshoot both in forcing and to a lesser degree in temperature increases with staged accession as a direct result of excess emissions prior to 2050 [35] . The increase in overshoot is more significant in the 450P than 550P staged accession case, adding to the already larger overshoot in the 450 ppm immediate action case compared to the 550 ppm case. An often-used indicator for the consistency of climate outcomes with the 2°C target is the probability of exceeding 2°C during the 21st century [29] . This indicator is particularly sensitive to the extent of overshoot on the order of tenths of degrees, and therefore amplifies the results discussed above (Fig. 2, Panels c & d) . While the exceedance probability ranges between 20 and 50% for 450 ppm immediate action (with the exception of GCAM, which depicts a strong overshoot), this probability is increased to 40-75% by staged accession. The inclusion of China in the front runner coalition has a noticeable impact on the probability due to smaller excess emissions before 2050 and smaller overshoot (a reduction of exceedance probability of 5-10% compared to the EU only case).
Mitigation costs
Emission reductions come at a cost in most models. In general, we expect global direct mitigation costs to rise with mitigation stringency. However, costs will also rise with deviations from the idealized immediate action case, in which emissions are reduced when and where they have show the increase in warming/exceedance probability relative to the 450 ppm CO 2 e benchmark. In the left panels (a & c), left bars for a given scenario depict the maximum temperature/exceedance probability until 2100, right bars the temperature/exceedance probability in the year 2100. Climate response is only shown for models that ran out to 2100 and captured the suite of Kyoto gases. To account for sampling bias, boxplots in the right panels only refer to the subset of models (large letters) that calculated all staged accession scenarios. Results from other models are added in small letters.
lowest marginal abatement costs. Thus, we expect staged accession scenarios to have higher costs than immediate action scenarios for the same level of mitigation stringency. Fig. 3 brings together these two dimensions by plotting global net present value mitigation costs, aggregated over the period 2010-2050, against cumulative emission reductions, both for the 450 and 550 immediate action cases and the 450P-EU and 550P-EU staged accession scenarios (the 550P-EU was not calculated by all models). Reported values are direct (or gross) mitigation costs that do not include the direct benefits from avoided climate damages, or any co-benefits and adverse side-effects from mitigation action. It can be seen that mitigation costs rise between 550 and 450, and between 550P-EU and 450P-EU. There are significant differences between models in terms of both the levels of costs and the cost increase between 450 and 550 ppm. This can be closely linked to the responsiveness of models to carbon pricing (Table 2 ) and, for general equilibrium models, to the magnitude of the economic impact they project from higher energy prices [39] . In addition, cost metrics differ across models. While we deduced consumption losses relative to the no-policy baseline from general equilibrium models (Fig. 3a) , we calculate total abatement costs in terms of the area under the marginal abatement cost curve or additional energy system costs from partial equilibrium models (Fig. 3b) . Both costs were aggregated in terms of net present value using a discount rate of 5%, which is in the middle range of values used in the models. 5 It should be noted that cost numbers are sensitive to the choice of discount rate, and the SOM explores the impact of different choices within the range of assumptions made in the models (Fig. S2  SOM) . Despite all these differences, the level of costs and the increase between 450 and 550 ppm appear closely correlated, so that there is more agreement between models on the relative increase between the two targets (a factor of 1.5 to 3.5).
The staged accession scenarios generally have lower costs than their immediate action counterparts, but they also lead to lower emission reductions. The efficiency losses from staged accession can be identified by comparing the two lines connecting 450 and 550, and 450P-EU and 550P-EU. For the period 2010-50, some models indeed show higher costs at comparable levels of abatement effort for the staged accession scenarios, but the cost differences are rather limited. Thus, from an intertemporally aggregated and global perspective, efficiency losses from staged accession appear small. An important factor for this result is the assumption that uniform global carbon pricing, i.e. full efficiency, is obtained as of 2050 in the staged accession scenarios. However, staged accession scenarios can have a faster rise in costs during the 2030-2050 period when carbon prices rise more rapidly in the rest of the world than in the immediate action cases. This important finding of a trade-off between lower short term costs and more steeply rising costs at a later point in time is discussed in greater detail on the regional level in Section 5.
Comparing warming reductions and mitigation costs
A global assessment of staged accession has to contrast the benefits in terms of avoided climate change and the mitigation costs relative to the reference case of fragmented and moderate climate action over the 21st century. 5 The discount rate depends on the interest rate of capital in the models.
Most models participating in the study used an internal discount rate in the range of 3-8% per year, with many models choosing a value of 5% per year. The choice of discount rate can vary over time and sectors in some models.
overview. Aggregated global mitigation costs and temperature reductions beyond the RefPol scenario increase with mitigation stringency. The biggest jump in temperature benefits -a reduction of warming in the year 2100 by at least 1 degreecomes from taking up ambitious climate action with global participation, independent of the choice of 450 or 550 ppm CO 2 e, and immediate or staged accession. A further 0.3 to 0.5°C in reduced warming are gained by raising the ambition level from 550 to 450 ppm CO 2 e. This can be critical if climate impacts increase strongly in the 2 to 2.5 degree range. Staged accession to a stringent carbon price path that would be required for reaching 450 ppm CO 2 e if all countries acted today can still deliver considerable climate benefits -approximately midways between the 550 and 450 ppm CO 2 e immediate action cases. In the 450P-EU scenario, global warming is reduced by 2.1-3.3°C compared to a situation without climate policy and by 1.1-1.7°C compared to the reference policy. On the mitigation cost side, the largest difference is between the choice of 450 or 550 ppm CO 2 e, independent of immediate action or staged accession, owing to the non-linear increase of mitigation costs with mitigation stringency. With the exception of IMACLIM and IMAGE, the additional costs over RefPol are projected to increase by a factor of 2 to 3 when moving from 550 ppm to 450 ppm CO 2 e. Staged accession to 450 ppm carbon pricing leads to cost reductions of 10-35% from a global net present value perspective. However, as pointed out above and further discussed in the next section, staged accession can have higher transitional cost increases despite its lower mitigation stringency.
Regional perspectives on staged accession
This section explores the regional implications of staged accession and failure scenarios in greater detail. We investigate two main questions: what are the costs for front runner regions when embarking on stringent early climate action? And what are the trade-offs for latecomer regions that delay accession to a global climate regime? The section focuses on a regional breakdown between the front runner regions (Europe, and in one scenario also China) and the Rest of World (ROW). It should be kept in mind that models differ somewhat in their native region definition of the EU and China (see Section 2 and SOM). Despite these limitations, a comparison of mitigation costs and emissions in front runner vs. ROW regions is feasible.
Regional mitigation costs in reference and benchmark scenarios
Regional mitigation costs in the immediate action scenarios are considerably higher in the second half of the century than in the first due to the cumulative impact of mitigation policy (Figs. 5 and S3 ). However, this needs to be put into the context of the assumption of a 12-fold increase of gross world product in purchasing power parity between 2005 and 2100 that was adopted by all models for the baseline case (SOM). As a consequence of this rise in mitigation costs, models estimate significantly higher long run costs for immediate action on the 450 ppm CO 2 e target than for weak action in the reference policy case. For the nearer-term mitigation costs until 2050, this is still true for ROW, while the picture for the EU is mixed. A few models show similar costs in the reference policy than for immediate action for the period 2010-50, indicating among other things, inefficiencies from implementing domestic EU emission reductions in combination with technology targets in these model setups. While reference policy costs for ROW are lower or of similar magnitude as for the EU, they are higher in the case of immediate action by a factor 1.5 to 5.5. Higher than average mitigation costs in the developing world have been identified in other studies before, e.g. [63] . Among other things, this is due to higher carbon intensity and larger emission reductions from a strongly rising baseline in these countries. It is important to note, however, that these are cost estimates in the absence of burden sharing mechanisms where, for instance, countries with below-average mitigation effort would compensate other countries with larger effort [64] . The effect of burden sharing schemes on net mitigation costs has been studied in other model comparison exercises [27, 63] but was not a subject of this study. Apparently, burden sharing mechanisms will be needed in the medium to long run to establish political acceptability for a global cooperative solution that utilizes the least costly mitigation potentials at the margin independently of where it occurs.
The stakes of front runner action faced by the European Union
The impact on mitigation costs of the EU acting as front runner can be measured against the costs in the reference and immediate action scenarios, which epitomize the boundary cases of no front runner and everybody being a front runner. As shown in Fig. 5 , the long run costs (2050-2100) of the EU for leading the way to a global 450 ppm pricing regime (450P-EU) are very similar to its immediate action costs. Until 2050, models vary in their estimate whether staged accession would be more or less costly for the EU compared to immediate action. This depends on whether or not they see unilateral roadmap action until 2030 followed by a gradual transition to 450 ppm carbon pricing as more stringent than the 450 ppm immediate action which would allow the EU to fully benefit from emission reductions elsewhere.
In the reconsideration scenario (RefP-EUback), the EU transitions back to its reference policy after 2030 when recognizing that the rest of the world will not adopt more ambitious climate action. Models disagree about the cost mark-up due to front runner action in the period 2010-2050. Those that see the roadmap action in 450P-EU as similarly costly or more costly than immediate action until 2050 also show significant cost mark-ups due to failure in RefP-EUback compared to the reference policy. If inefficiencies in front runner action are significant, sunk costs due to failure are obviously also significant.
For the EU, other economic considerations may play an equally important role for the evaluation of whether or not the EU should act as a front runner on ambitious climate action. Such considerations may include energy security, trade and competitiveness, as well as external environmental and health costs unrelated to climate change. [32] takes a closer look at potential co-benefits for the case of Europe unilaterally adopting stringent climate action in the form of the EU climate and energy roadmap. A robust result from all models is that climate action in Europe leads to higher energy efficiency, higher utilization of renewable energy, and a diversification in the supply of energy, thereby reducing its dependence on fossil fuel imports and improving energy security. These findings hold regardless of whether Europe is able to inspire the rest of the world to join its mitigation effort or not. The higher overall utilization of low-carbon technologies in turn reduces the environmental and health costs of electricity production, mainly due to a reduction of coal use without CCS in favor of non-biomass renewables. These cost savings from reduced non-climate externalities due to implementing the EU roadmap may offset a large portion of the climate policy costs.
Trade-offs of early and delayed action for China
China is the world's largest emitter with a rapidly growing economy and a heavily coal-based energy system. This makes it a key player in the quest for achieving long-term climate targets. It also affects the trade-offs China faces between the choice of joining the global mitigation effort immediately or delaying accession to a global climate regime. The reference policy costs for China are projected to be low (see Fig. S3 in SOM) as most models see the carbon intensity target for 2020 being realized by the adoption of the technology policies without additional need for carbon pricing (see Fig. 1 ). By contrast, immediate action costs are higher than the world average owing to the large mitigation effort that China will have to undertake in such a scenario. Delaying the adoption of 450 ppm carbon pricing until after 2030 (450P-EU) can lead to cost reductions by a factor of 1.7 to 5.2 over the period 2010-2050 based on the ensemble of models that reported this scenario (at 5% discounting of future costs), while long run costs after 2050 are largely unaffected (Fig. S3) .
However, all models show a steeper increase in mitigation costs for delayed action (450P-EU) than immediate action (450) during the 2030-50 transition phase in which the carbon price is ramped up to 450 ppm pricing levels. A rapid rise in mitigation costs can bring a number of socio-economic and institutional challenges. The resulting impact on consumption growth rates as estimated by the general equilibrium models can provide a useful proxy for the magnitude of these challenges [4, 65] , although the modeling results alone will not be able to capture them fully. Fig. 6 shows the reduction of consumption growth in China for the period from 2030 to 2050 across the immediate action and staged accession scenarios. Growth rate reductions relative to the baseline range up to an annual average of 0.33 percentage points in the 450P-EU scenario where China transitions to a global climate regime only after 2030 as compared to 0.13 percentage points in the immediate action case. The projected growth rate reductions can be compared with estimated slowdowns of consumption and GDP growth in the past and present. For example, the World Economic Outlook [62] projects EU27 output to grow by only 6.5% over the period 2008-2017 due to the financial and Euro crises, and return to post-crisis growth rates of 2% per year thereafter. Assuming that in the absence of these crises output in the EU would have grown at a steady 2% per year. Europe is currently suffering an annual average 1.4 percentage point reduction of GDP growth over the decade 2008-2017. This is an order of magnitude larger than the reduction of global consumption growth from climate policy, as projected in this study.
If China chooses to take up front runner action together with the EU, and others follow onto the path to 450 ppm carbon pricing after 2030 (450P-CE), its mitigation costs will be comparable to, or in some models (MERGE-ETL, WITCH) even higher than in the immediate global action case over the period 2010-2050 (Fig. S3) . The higher costs accrue mostly in the near term due to balance of trade effects and larger mitigation efforts assisted by higher 7 REMIND includes an intertemporal capital market which allows regions to temporarily adjust their current account position within the constraints that every region needs to balance its current account at the end of the time horizon, and that current account surpluses and deficits need to be balanced across regions at each point in time. Consumption growth rate reductions reported for REMIND include changes in the current account position to cancel out temporary transfers between consumption and current account in response to climate policy [66] .
fossil fuel prices than in the immediate action case. The temporal profile of mitigation costs shifts forward compared to the delayed action (450P-EU) scenarios with a faster increase before 2030, and a consequently slower increase in the period 2030-50. The costs of reconsideration (RefP-CEback) would be significant in the 2010-2050 period, where they are higher than for delayed accession (450P-EU). Since China's climate action in the reference policy is assumed to be very moderate, a failed attempt to nudge the world into global cooperative action would imply a considerable amount of sunk costs due to front runner action up to 2030. Thus, the stakes of front runner action are higher for China than for the EU. However, this critically hinges on the assumption of the level of ambition in the reference policy. If China chooses to embark on more ambitious climate action domestically than was assumed in this study, going a step further to commit to international leadership will pose less of a challenge. In addition, as for the EU, direct mitigation costs will not be the only consideration for China when evaluating its level of climate policy commitment. Given the significant air pollution and energy security problems that are caused by China's reliance on fossil fuels and coal in particular, a reduction of coal use without CCS, which has to be one of the cornerstones of any effective climate policy, can bring large co-benefits [15, 16] .
Trade-offs of delayed action for the rest of the world
The comparison between immediate (450) and delayed accession (450P-EU) to a global climate regime shows a trade-off between higher short-term mitigation costs and higher transitional medium-term mitigation challenges for the rest of the world, including China if it foregoes front runner action. Until 2050, ROW has clear benefits in terms of lower costs from delaying 450 ppm carbon pricing until after 2030 (a factor of 1.7 to 3.6 lower costs in 450P-EU compared to immediate action), while long term mitigation costs after 2050 are of comparable magnitude.
The trade-off of delayed action consists in larger transitional mitigation challenges in the medium term. First, mitigation costs are projected to rise more rapidly in the transition period 2030-2050, as shown by a larger reduction in consumption growth rates over this period in the 450P-EU compared to the 450 scenario (Fig. 6) . Second, delayed action can result in a stronger carbon lock-in in ROW that persists into the 2nd half of the century. The long lifetime of fossil-based energy infrastructure creates significant inertia that prevents rapid decarbonization unless power plants are retired prematurely, left idle or retrofitted with CCS [67] . Also, alternative low-carbon technologies require time to diffuse into the system and ramp up to significant scale [68] . As a result, the carbon intensity of energy production may respond only slowly to carbon prices or other policy or market signals. As can be seen in Fig. 7 , delayed accession leads to higher coal use (Panel a) and fossil fuel emissions (Panel b) in ROW not only during the initial period of low carbon prices, but also during 2030-50 where ROW transitions to 450 ppm carbon pricing, and after 2050 when carbon prices in staged accession and immediate action cases are identical (see also [33] ). In fact, only the smaller part of excess emissions over the immediate action case stems from the initial period until 2030, while the larger part (40% to 80% depending on the model) accrues thereafter. The carbon lock-in is significantly increased if China delays the adoption of stringent carbon pricing together with the rest of the world. As carbon prices rise steeply to 450 ppm levels after 2030 in ROW, so does the carbon price expenditure, i.e. the amount paid for residual emissions (= carbon prices times emissions). As can be seen from Fig. 7c , the magnitude of carbon price expenditures in ROW and China is large in all climate policy scenarios, with the largest part occurring after 2030 (in undiscounted terms). Most models project that the 2030-70 carbon price expenditure in ROW and China is further increased by the carbon lock-in from delayed action (by −2 to 32 trillion USD, or −4% to 74%, for 2030-2070 between 450P-EU and 450). While the models do not show significantly higher long term mitigation costs due to the larger carbon tax expenditures in the staged accession scenarios (Figs. 5, S3 ), there can be distributional implications that are usually not well captured by the type of models used in this study. Since expenditures accrue as revenues to the state or the holders of emissions allowances, a larger carbon price expenditure can increase institutional challenges to allocate or recycle the revenues (who benefits?). If the allocation problem is not solved efficiently, this can translate into higher long-run mitigation costs from delayed action even if excess emissions in an early period do not have to be compensated for.
Carbon leakage and technology spillovers due to front runner action
An important concern about unilateral climate action is carbon leakage. Carbon leakage would induce excess emissions in non-acting countries and thus would reduce the environmental effectiveness of the climate policy. In principle, carbon leakage can occur in any climate policy regime with regionally fragmented carbon pricing, such as the reference policy scenario, but its magnitude is expected to increase with the carbon price differentials between regions. Thus, stringent carbon pricing in a front runner region as considered here may be particularly prone to carbon leakage effects. This section investigates the driving and counteracting mechanisms of carbon leakage as well as the projected amount of leakage in a staged accession climate policy setting.
The analysis focuses on the near-term period until 2030 and is restricted to the various carbon leakage channels that are represented in the participating models (see Table S3 in SOM). All models represent carbon leakage via the energy market channel, through which reduced demand for fossil energy in front runner regions lowers international fossil fuel prices, inducing higher fossil fuel consumption in other regions. Related to this is the industry or competitiveness channel, through which higher energy prices in front runner regions induce energy-intensive industries to re-locate to regions with lower energy prices and weaker or no abatement policies. This channel is represented in the multi-sectoral CGE models participating in the study (GEM-E3, IMACLIM, WorldScan). Some studies [69, 31] 8 argue that the competitiveness channel dominates whereas others [70, 71] 9 identify the energy channel as the major driver of carbon leakage.
Carbon leakage can also be triggered by indirect land-use change emissions if the front runner regions substitute fossil fuels with bio-fuels that are imported from non-abating regions. This effect is captured by integrated assessment models that include a dynamic land-use model such as GCAM and IMAGE. Finally, early mitigation action can also accelerate the advancement of low-carbon technologies and thus spill over to other regions that adopt these technologies as well. This counteracting mechanism to carbon leakage is represented by models that include endogenous technology learning and technology spillovers in this study such as IMACLIM, MERGE-ETL, POLES, REMIND and WITCH. The varying representation of leakage channels across models needs to be kept in mind for the cross-model comparison below. Where appropriate, we report results from individual models that investigated specific leakage channels in greater detail.
Fossil fuel and industry emissions leakage
The aggregate effect of carbon leakage through the energy and competitiveness channels and technology diffusion in the period of fragmented action until 2030 is described in Fig. 8. Fig. 8a shows the results for Europe following the EU Roadmap, i.e. approx. 35-45% emission reductions by 2030 relative to 1990 depending on the model implementation. We distinguish two different levels of climate action in the rest of the world: reference climate policy (RefPol; squares) and no climate policy (Base; circles). Obviously, the EU Roadmap leads to stronger emission reductions relative to the no-policy baseline than to the reference policy case, which already accounts for approx. 30% emission reductions by 2030 relative to 1990. Different baseline emission trends in the absence of climate policy lead to a large range of emission reductions in the EU across models (MERGE-ETL has a very carbon-intensive baseline, and IMACLIM and GCAM include Turkey in their EU model region). 8 [31] summarizes the results of the EMF29 model comparison study on carbon leakage.
9 [71] is based on a single-model framework.
The emission changes in non-abating regions are mixed. Some models derive increasing emissions whereas others project emission reductions. The absolute change of emissions is smaller when the rest of the world already follows moderate climate policy, but carbon leakage rates relative to EU emission reductions are comparable. Three models, MERGE-ETL (leakage rate: 49%), GEM-E3 (22%) and WorldScan (21%), show significant carbon leakage rates against the reference policy case. The large carbon leakage in MERGE-ETL is due to higher coal and oil use in the rest of the world induced by lower fossil fuel prices in combination with higher uranium demand for nuclear power in the EU. The results in GEM-E3 and WorldScan reflect carbon leakage via the competitiveness channel. [37] explores the carbon leakage effect in GEM-E3 in greater detail. The economy-wide 22% carbon leakage rate is comprised of different sectoral leakage rates. The highest sectoral leakage is found in the energy conversion sector and energy-intensive industries. Among industries, metal production and the chemicals sector are found to have the highest leakage rates. These sectors are characterized by both high energy intensity and high trade exposure.
Only a subset of models investigated the case where the rest of the world follows no climate policy at all (indicated by the circles in Fig. 8a) . Again, MERGE-ETL shows the highest carbon leakage, but the leakage rate relative to the EU emission reductions, now measured against the no policy baseline, is smaller (17%). Two models, WITCH (leakage rate: − 23%) and IMACLIM (− 9%), show significant negative carbon leakage. This is due to technology diffusion effects. In particular in WITCH, the increased deployment of EU wind power capacity triggers a decrease in wind power costs that diffuses to the rest of the world; this in turn crowds out some of the coal power investments within all regions. Fig. 8b shows the results for the case that Europe and China adopt the carbon price of the 450 scenario compared with the reference policy case. The main difference is that the combined emission reduction is much stronger than if Europe acts alone. Moreover, while the absolute amount of carbon leakage to other regions is larger, its magnitude relative to the strong reductions in Europe and China is found to be smaller in the majority of models. For example, [37] found that the leakage rate in GEM-E3 drops from 22% to 2% in cumulative terms when China joins the GHG mitigation action because of the increased coalition size and because shifts of production away from China's highly carbon-intensive industry may in part be to regions with lower carbon intensities. Only MERGE-ETL shows strong positive carbon leakage with the leakage rate increasing to 63%, partly because increased use of uranium by the EU and China induces the rest of the world to substitute coal for nuclear power.
Since most models participating in this study comprise a detailed representation of the energy sector, carbon leakage via the energy channel can be traced back to re-allocations on the international markets for coal, oil, and gas. [33] provides a comparative analysis of energy market leakage across all models, and [36] performs an in-depth analysis with REMIND. The studies show that the strength of fossil fuel leakage differs for coal, oil and gas and across models. Generally, oil and gas leakage is stronger than coal leakage because coal trade is relatively small. The general pattern, however, is one of limited carbon leakage through the fossil fuel market channel. In several models, the story is even one of negative carbon leakage as the rest of the world replaces coal with gas due to reduced demand for gas among the early movers. the reference policy scenario, models show that the regionally fragmented policy targets indeed promote technology innovation [72] . When there are front runner regions that undertake yet more stringent mitigation action, their energy sectors are further transformed toward the use of low-carbon technologies. However, most of the models show that outside of the front runner coalition, technology deployment in the electricity sector is not significantly affected and continues to be determined by the technology and climate policy objectives in the reference policy. Exceptions exist in the case of an EU-China coalition, in which the POLES and IMACLIM models indicate that CCS becomes a sufficiently prominent option in the front runner regions to induce a learning effect and technology spillovers [34] . Other models generally show less technology spillover effects. MERGE-ETL, for example, suggests nuclear (considered a mature technology) as a prominent decarbonization option for an EU-China coalition, hence technology diffusion impacts on the rest of the world are small, and are overwhelmed by carbon leakage effects if limited access to uranium induces the rest of the world to replace nuclear energy with coal. Regarding wind energy technologies, most of the models show that the reference policy case already brings about significant technology learning and high levels of deployment. Given that most models suggest only limited technology responses to front runner action from the other regions that continue with their reference policies, technology diffusion might require dedicated policy instruments.
Technology diffusion
Land-use emissions leakage
One modeling team (IMAGE) also looked into the potential consequences of a land-use channel of carbon leakage [38] . If single regions like the EU and China move ahead, they import bioenergy from international markets to reduce coal, oil, and natural gas consumption. Higher bioenergy supply is likely to lead to higher emissions from land-use change (compared to baseline), which leads to an increase in land-use emissions. [38] finds that pursuing early action by the EU alone and EU and China together may somewhat increase land use emissions until 2050. The prominence of the bio-energy channel differs between scenarios because the amount of land use emissions, as a result of increased bio-energy production, varies between regions from which bioenergy is imported. This highlights the sensitivity of land carbon leakage to assumptions about the regional pattern of bioenergy production. More research is needed to better understand the land carbon dynamics in fragmented policy scenarios.
Conclusions
The current climate policy situation is marked by the long-term aspiration of stabilizing climate change at or below 2°C of global warming, but also by fragmented and moderate short-term action, and by large uncertainty about future national climate policies and the prospect of an international climate agreement. A defining question for the way forward for global climate policy is how to build a bridge between short-term realities and long-term aspirations. Obviously, countries are unlikely to commit to more stringent mitigation action at the international level than what they can support at the national level. On the other hand, national climate action requires international reciprocity for reasons of both environmental effectiveness and stabilizing the expectations of economic and public actors.
This study contributes to mapping out the climate policy landscape by exploring how staged accession can constitute such a bridge. We have investigated how effective a group of countries can be in leading the way with stringent mitigation action even if the rest of the world does not join the effort for two more decades. The analysis has focused on staged accession scenarios where a front runner coalition -the EU or the EU and China -embarks on ambitious climate action broadly consistent with the 2 degree target, and the rest of the world transitions to the global climate regime between 2030 and 2050. The study adds to earlier work on staged accession scenarios, in particular the two model comparison exercises RECIPE [25] and EMF22 [23] that looked at the achievability of long-term climate targets if a large number of countries delay the adoption of such targets. Major innovations of this study include the improved representation of the currently fragmented climate policy landscape with unprecedented detail in a model comparison framework; the broad exploration of the payoffs and tradeoffs for front runner and follower regions including transitional costs, carbon lock-ins and benefits in terms of reduced global warming; the specific investigation of the EU and China in staged accession scenarios; and an analysis of dynamic leakage effects during the initial period of fragmented action until 2030. While previous studies assumed a willingness to adopt the original target after delay, this study explores the scenario that long-term climate action would not compensate for the delay in adopting a global climate policy approach.
The following key findings emerge:
Environmental effectiveness
Initiating staged accession to an ambitious global climate policy regime can deliver significant climate mitigation even if the majority of countries join only after 2030 and the original climate target is relaxed. Concretely, if front runner countries can induce others to join a global climate regime after 2030, then global warming until 2100 is projected to be reduced by more than 1 degree compared to a reference policy case of moderate and fragmented regional action over the 21st century. While the climate benefits from staged accession are significant, the resulting climate outcome is unlikely to be consistent with a 2 degree target [35] . Phasing in 450 ppm carbon pricing outside Europe after 2030 leads to 0.2-0.4°C higher warming compared to the 450 ppm immediate action scenario, and to a 0.15-0.35 higher probability of exceeding the 2°C target. This is caused by higher overall emissions over the 21st century, but also by higher temperature and forcing overshoot due to the excess emissions until 2050. The addition of China to the front runner coalition can reduce the pre-2050 excess emissions by 20-30%, which lowers peak warming by 0.05-0.15°C and the probability of exceeding 2°C by 0.05-0.1 compared to the EU acting alone. Thus, early action in China has a measurable impact on warming outcomes. Temperature trajectories in scenarios of staged accession to 450 ppm carbon pricing show a downward temperature trend in 2100, so that warming would eventually be limited to 2 degrees if those trends were continued. If front runner action fails to nudge the rest of the world into ambitious global action, the warming benefit compared to reference policy will be negligible. Front runner action should therefore be highly concerned with setting effective examples for others to follow.
Economic efficiency
Staged accession to a global climate regime induces economic inefficiencies. In the initial period of globally fragmented action, regions may have to forego the least-cost mitigation potential at the global margin due to regional differences in greenhouse gas prices. While such price differentials can in turn lead to carbon leakage, on average we find this effect to be limited in the case of EU front runner action until 2030, with leakage rates that are comparable to [31] . However, a few models show substantial carbon leakage via coal and uranium markets [34] and uncertainty about carbon leakage effects through bioenergy markets [38, 73] . Carbon leakage effects, particularly from the re-location of energy intensive industries, can be significantly reduced if China joins the front runner coalition [37] .
Models find lower global mitigation costs for staged accession than for immediate action scenarios (by 10-35% compared to the 450 ppm scenario), albeit for lower levels of emission reductions. However, staged accession leads to more rapidly rising mitigation costs in the transition period between 2030 and 2050 for regions that delay climate action. The models project an additional slowing of consumption growth by up to 0.3 percentage points in these regions. Delayed action also leads to a continued build-up of fossil fuel infrastructure until 2030 that is only weakly moderated by the low carbon prices during this period. This result has also been identified in the AMPERE companion study on delayed action [40, 74] . As a result of this carbon lock-in, the rest of the world continues to have higher emissions in the long run, even after 2050, when carbon prices have reached the level of the immediate action case. This in turn leads to higher carbon price expenditures in the long run, with the potential for larger challenges to institute climate policy. Thus, the rest of the world faces a clear trade-off between higher mitigation costs in the short term and larger transitional medium-term challenges with adopting stringent climate action.
Stakes faced by front runners
Front runners are faced with the risk that their additional effort may have been in vain if the rest of the world chooses not to go for ambitious climate action in the end. In the case of the EU, the stakes depend on how EU front runner action compares to the EU reference policy until 2030. Since the EU is assumed to already follow relatively stringent climate policies in the reference case, many models see the EU's stakes not rising by much if front runner action is adopted.
The stakes for front runner action by China are projected to be higher than for the EU. However, this critically hinges on the assumption of the level of ambition in the reference policy. In addition, both the EU and China will not only consider their direct mitigation costs when evaluating their level of climate policy commitment. Exploiting synergies in terms of reduced air pollution, increased energy security and reduced fossil fuel expenditures will also play a role [32] . Our findings suggest that ambitious national climate policy plans improve the case for front runner action, which highlights again the close connection between the national and international climate policy levels. They also suggest that countries considering international leadership on climate policy may look for coalition partners among those countries that show a significant willingness to pay in terms of their national climate action plans. Finally, short-term co-benefits of climate policy in the presence of multiple externalities can be a key element for tackling the challenge presented by the short-term costs of mitigation.
Several caveats of this study need to be mentioned. First, the results are contingent on the models that participated in this study. While the use of multiple models in a comparison exercise greatly improves the assessment of uncertainty due to different model assumptions and structures, it cannot capture the full range of uncertainty. Second, we have used a range of metrics to explore the benefits (maximum and 2100 global mean warming, probability of exceeding two degrees) and costs (aggregate mitigation costs, transitional costs, carbon price expenditures) of climate action. While these cover key elements of cost-benefit considerations, a full assessment of the costs and benefits of climate policy will rely on a broader set of indicators, including regional climate impacts, institutional challenges, and co-benefits and adverse side effects. Third, we approached the question of whether or not to act as a front runner on climate policy, and whether or not to wait with joining global action, in a scenario mode. While this is the adequate choice for the large scale models with detailed representations of the energy-economy system that were used for this study, complementary analysis, including game-theoretic modeling, is needed to explore the incentive structure of staged accession. Finally, a representation of the current climate policy landscape always runs the risk of being overtaken by events, as the policy environment is evolving rapidly.
Irrespective of these caveats, our study provides an important analysis of how to bridge the current climate policy situation and long term aspirations. Effective climate policy leadership can play an important role in making or breaking climate targets, if it helps to build expectations about long term climate action, to exploit synergies with other policy objectives, and to avoid extensive carbon lock-ins over the next two decades. Leonidas Paroussos is a senior researcher at the E3M-Lab/ICCS and he is experienced in climate change policy assessment using general equilibrium models, environmental economics and energy analysis.
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